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ABSTRACT
We calculate the dust formed around AGB and SAGB stars of metallicity Z=0.008 by
following the evolution of models with masses in the range 1M 6M 6 8M through
the thermal pulses phase, and assuming that dust forms via condensation of molecules
within a wind expanding isotropically from the stellar surface. We find that, because
of the strong Hot Bottom Burning (HBB) experienced, high mass models produce
silicates, whereas lower mass objects are predicted to be surrounded by carbonaceous
grains; the transition between the two regimes occurs at a threshold mass of 3.5M.
These findings are consistent with the results presented in a previous investigation, for
Z=0.001. However, in the present higher metallicity case, the production of silicates
in the more massive stars continues for the whole AGB phase, because the HBB
experienced is softer at Z=0.008 than at Z=0.001, thus the oxygen in the envelope,
essential for the formation of water molecules, is never consumed completely. The total
amount of dust formed for a given mass experiencing HBB increases with metallicity,
because of the higher abundance of silicon, and the softer HBB, both factors favouring
a higher rate of silicates production. This behaviour is not found in low mass stars,
because the carbon enrichment of the stellar surface layers, due to repeated Third
Drege Up episodes, is almost independent of the metallicity. Regarding cosmic dust
enrichment by intermediate mass stars, we find that the cosmic yield at Z=0.008 is a
factor ∼5 larger than at Z=0.001. In the lower metallicity case carbon dust dominates
after ∼300 Myr, but at Z=0.008 the dust mass is dominated by silicates at all times,
with a prompt enrichment occurring after ∼40 Myr, associated with the evolution of
stars with masses M ∼ 7.5 − 8M. These conslusions are partly dependent on the
assumptions concerning the two important macro–physics inputs needed to describe
the AGB phase, and still unknowm from first principles: the treatment of convection,
which determines the extent of the HBB experienced and of the Third Dredge–up
following each thermal pulse, and mass loss, essential in fixing the time scale on which
the stellar envelope is lost from the star.
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1 INTRODUCTION
A reliable estimate of the nature and the amount of dust
produced by stars of intermediate mass (1M 6M 6 8M)
proves essential for a number of scientific issues. These stars
are believed to be the dominant stellar sources of dust in
the present-day Universe and, contrary to previous claims,
their contribution to dust enrichment can not be neglected
even at redshift z > 6 (Valiante et al. 2009, 2011). While
the formation of dust in the ejecta of core-collapse super-
novae has received much attention, both on the theoretical
(Bianchi & Schneider 2007; Hirashita et al. 2008; Todini &
Ferrara 2001) and observational side (Dunne et al. 2009;
Morgan et al. 2003; Rho et al. 2008), models for the nucle-
ation of dust grains in the atmospheres of intermediate mass
stars have been computed either assuming synthetic stellar
models (Ferrarotti & Gail 2001, 2002, 2006) or exploring
a single value for the initial stellar metallicity (Ventura et
al. 2012). In order to properly include their contribution in
chemical evolution models with dust, the mass and compo-
sition of dust grains released by each star as a function of
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its mass and metallicity need to be known. In addition, the
corresponding size distribution function allows to compute
the extinction properties associated with these grains, which
is fundamental information required for correctly interpret-
ing the optical-near infrared properties of high-z quasar and
gamma ray burst spectra (Gallerani et al. 2010; Maiolino et
al. 2004; Stratta et al. 2011).
Intermediate mass stars, after the end of the core–
Helium burning phase, are nuclearly supported by a H–
burning shell above the degenerate core, composed of carbon
and oxygen (Iben 1975, 1976). He–burning occurs period-
ically in the helium–rich buffer, in conditions of thermal
instability (Schwarzschild & Harm 1965, 1967); this mo-
tivates the term ”Thermal Pulse” (TP) used to describe
these episodes. Due to the position in the HR diagram, this
evolutionary phase is known as Asymptotic Giant Branch
(hereinafter AGB); AGB stars gradually loose all their en-
velope, ending their evolution as White Dwarfs (WD). Dur-
ing the AGB phase, characterized by strong mass loss, the
conditions are most favourable for the condensation of gas
molecules into dust.
The series of papers by the Heidelberg group (Gail
& Sedlmayr 1999; Ferrarotti & Gail 2001, 2002, 2006;
Zhukovska et al. 2008; Zhukovska & Gail 2009) set the frame-
work to describe the dust formation process in the envi-
ronment of AGBs. The scheme is based on a model of an
expanding wind, whose thermodynamical structure is deter-
mined by the physical parameters of the central object, i.e.
surface gravity, effective temperature, and the rate at which
mass loss occurs.
In the first paper of this series (Ventura et al. 2012,
hereinafter paper I), we made a step forward, by applying
the wind modelling from Ferrarotti & Gail (2006) to AGB
models calculated with a full integration of the whole stel-
lar structure, more suitable than the synthetic technique to
deal with phenomena based on the thermodynamical cou-
pling between the internal, degenerate core, and the outer
convective zone. The typical example is the Hot Bottom
Burning (Renzini & Voli 1981), i.e. the series of proton–
capture reactions at the bottom of the convective zone, once
the temperature in that region reaches Tbce ∼ 40− 50 MK.
The HBB phenomenon, active in models where the stellar
mass exceeds a threshold value of ∼ 3 − 4 M, is relevant
for the production of elements as well as the physical prop-
erties of the star. As regarding the surface chemistry, the
main effect of HBB is the depletion of the surface carbon,
and possibly (when Tbce > 80 MK) oxygen, which prevents
the formation of a C–star. The evolution of the star is also
affected by HBB, because it is accompanied by a steep in-
crease in the luminosity and mass loss of the star (Blo¨cker
& Scho¨enberner 1991), so that the evolution becomes faster,
and only a limited number of Thermal Pulses (TPs) is ex-
perienced (see, e.g., Ventura & D’Antona (2009)).
A strong HBB naturally limits the effects of the alter-
native mechanism that can modify the surface chemistry of
AGBs, i.e. the Third Dredge–Up (TDU), which is the in-
ward penetration of the envelope in the phases following the
TP, when the surface convection can reach layers previously
exposed to 3α nucleosynthesis (Iben 1975; Lattanzio 1986,
1989; Wood 1981). The main effect of the TDU is a great
increase in the surface carbon, that eventually may become
more abundant than oxygen, creating a C–star.
The kind of dust formed is extremely sensitive to which
of the two afore mentioned mechanisms dominate the evo-
lution of the surface chemistry of the star: repeated TDU
episodes favour the formation of carbon–rich grains, whereas
HBB destroys carbon, enabling the production of silicates.
In paper I, we showed that under HBB conditions the
formation of carbon–rich dust is inhibited, and only silicates
are produced. This introduces a dichotomy in the type of
dust produced by AGBs: the more massive stars produce
silicates, whereas lower-mass objects produce carbon dust.
The analysis outlined interesting differences with the results
by Ferrarotti & Gail (2006), that can all be understood on
the basis of the different HBB experienced by the stars.
In this paper, we compare the results of paper I, that
were limited to a single stellar metallicity (Z = 0.001), to
AGB and Super-AGB (SAGB, stars of higher masses that
evolve on a core made of Oxygen and Neon) stellar mod-
els with initial metallicity Z = 0.008. The main goal is to
understand how the dust formed around AGBs and SAGBs
changes with the initial chemical composition of the stars,
and whether the basic difference between the type of dust
formed around massive AGBs and lower–mass stars (produc-
ing, respectively, silicates and carbon–rich dust) persists. To
this aim, we calculated a new set of AGB and SAGB models
of metallicity Z = 0.008, and applied the same scheme used
by Ferrarotti & Gail (2006) and in paper I to calculate the
dust produced in their surroundings.
The paper is organized as follows. Section 2 describes
the modelling of the stellar evolution and of the structure
of the wind; the evolution properties of AGB and SAGB
stars are discussed in Section 3; the results concerning the
quantity and the type of dust produced are given in Section
4, whereas Section 5 deals with the uncertainties associated
to the choices of the input macro–physics and of the optical
constants of the silicates; finally, the results are discussed
and commented in Section 6.
2 THE MODEL
Dust grains are assumed to form from condensation of gas
molecules present in the expanding winds. The description of
this process, and the determination of the kind and quantity
of dust species formed, requires an accurate modelling of
the evolution of the star along the AGB (or SAGB) phase,
from which we obtain the temporal variation of mass, mass
loss rate, luminosity, effective temperature, and the surface
chemical composition: all this information is used to model
the thermodynamical and chemical structure of the wind,
hence to describe the dust formation process.
A word of caution in needed here. Mass loss during the
AGB phase is here obtained by means of semi–empirical de-
scriptions, that include some parameters, calibrated based
on the comparison with the observations. More precisely, we
assume a mass-loss rate and then compute the correspond-
ing wind properties and the required degree of dust conden-
sation. In reality, however, the mass loss is believed to be
a consequence of dust formation, which makes such model-
ing approach seem somewhat circular. But we like to stress
that this is the best one can do at present at a reasonable
computational cost.
In what follows we provide a brief description of the
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numerical scheme adopted; we refer to Ventura et al. (1998)
and to paper I for further details.
2.1 Stellar evolution modelling
The stellar models presented in this work were calculated
by means of the ATON stellar evolution code, in the version
described in Ventura et al. (1998).
The extension of the convective regions was determined
via the classic Schwartzschild criterium, stating that the
convective instability is favoured by the condition ∇rad >
∇ad, where ∇ is the logarithmic gradient of temperature
with respect to pressure. The temperature gradient within
regions unstable to convective motions was determined by
means of the Full Spectrum of Turbulence (hereinafter FST)
model for turbulent convection (Canuto & Mazzitelli 1991).
In the convective regions where the temperature is suffi-
ciently large to allow the ignition of nuclear reactions, we
follow the variation of the chemistry by coupling the convec-
tive motions with the process of nuclear burning, by means
of a diffusive approach, according to the scheme by Clout-
man & Eoll (1976). The velocities determined via the con-
vection modelling are used to find the diffusion coefficients,
and also to provide the extension of a possible extra–mixing
zone, based on an exponential decay of velocities from the
formal convective/radiative interface, determined on the ba-
sis of the Schwartzschild criterium: the scale for the decay
of velocities is l = ζHp, where ζ is the free parameter as-
sociated to the extension of the extra–mixed region. We as-
sumed ζ = 0.02 during the evolution before the beginning
of the Thermal Pulses phase, in agreement with the cali-
bration given in Ventura et al. (1998). For what concerns
the AGB phase, we compare the results found ignoring any
overshoot from the convective borders, with those obtained
by assuming a tiny extra–mixing from the convective shells
developed as a consequence of the ignition of the Thermal
Pulse, with ζ = 0.001.
Mass loss was modelled following Blo¨cker (1995), with
the free parameter entering this recipe set to ηR = 0.02.
The value for ηR was calibrated specifically for this range of
masses and for this metallicity via a comparison between the
observed and the predicted luminosity function of lithium
rich sources and of carbon stars in the Large Magellanic
Cloud (Ventura et al. 1999, 2000).
The OPAL radiative opacities (Iglesias & Rogers 1996)
were used for temperatures above 104 K, whereas for smaller
temperatures we used the AESOPUS tool described in
Marigo & Aringer (2009). This choice allows to account for
the increase in the opacity associated with the enrichment
in the surface carbon, as a consequence of the TDU: this
is particularly important in the description of the physical
properties of low–mass AGBs, as described in details by Ven-
tura & Marigo (2009) and Ventura & Marigo (2010). The
interested reader may find in paper I a detailed discussion
on how the modelling of the absorption coefficients in C–
rich mixtures affects dust production by AGBs that reach
the C–star stage.
We follow the nucleosynthesis evolution of 30 elements,
from hydrogen to alluminum, with the most relevant iso-
topes entering the p-p and 3α chains, and the CNO cycle.
The nuclear cross sections are taken from the NACRE com-
pilation (Angulo et al. 1999), with a few exceptions, the
most relevant for this study being the rate of the proton
capture reaction by nitrogen nuclei, taken from Formicola
et al. (2004).
The models presented in this work were calculated with
an overall metallicity Z = 0.008, a helium content Y = 0.26,
and a mixture scaled according to Grevesse & Sauval (1998),
with an α−enhancement [α/Fe] = +0.2.
2.2 Dust production and the stellar wind
The scheme adopted to model the structure of the wind at
a given phase during the AGB evolution is the same as in
paper I, based on the description given in the series of papers
by Ferrarotti & Gail (2001, 2002, 2006).
The wind is modelled via two differential equations de-
scribing the radial behaviour of the velocity of the gas and
the optical depth. Indicating the mass, luminosity, effective
temperature, radius, mass loss rate of the star with M , L,
Teff , R∗, and M˙ , we have:
v
dv
dr
= −GM
r2
(1− Γ), (1)
dτ
dr
= −ρkR
2
∗
r2
, (2)
where
Γ =
kL
4picGM
. (3)
Equations 1 and 2 are completed by the law of mass
conservation:
M˙ = 4pir2ρv, (4)
and by the radial variation of temperature in the approxi-
mation of a spherically simmetric, grey wind (Lucy 1976):
T 4 =
1
2
T 4eff
[
1−
√
1− R
2∗
r2
+
3
2
τ
]
, (5)
where k is the flux–averaged extinction coefficient of the
gas–dust mixture, and can be expressed as,
k = kgas +
∑
i
fiki, (6)
and kgas = 10
−8ρ2/3T 3 (Bell & Lin 1994). The sum in eq. (6)
is extended to all the dust species considered: the fi terms
give the degrees of condensation of the key–elements for each
dust species, whereas ki represent their corresponding ex-
tinction coefficients. This simple opacity law is used in the
wind model since the AESOPUS tool does not give opaci-
ties for temperatures below 2000K. This is not an entirely
correct use of the Bell & Lin (1994) formula, which of course
adds physical inconsistency to the model. But since the gas
opacity is typically much smaller than the overall dust opac-
ity, the effects are small. In fact, it would have made little
difference if we had assumed kgas = 0 instead, as we inte-
grate from the condensation radius (where dust formation
region starts and dust opacity dominates) out to a distance
c© 2012 RAS, MNRAS 000, 1–??
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104R∗ away from the star (where the gas opacity is very
low).
We consider the thermal gas pressure force to be negli-
gible beyond the condensation radius, compared to the ra-
diative acceleration. Hence, we omit the pressure term in the
equation of motion, but assume that there is a nonzero flow
over the inner boundary (we assume v0 = 2km/s, which is
similar to the expected sound speed) despite the fact that
there is formally no gas pressure at the inner boundary. Ob-
viously, this is physically inconsistent, but the effect on the
results is usually small and assuming a nonzero flow speed
at the inner boundary simplifies the numerical solution of
equations (1-6) considerably. We note, however, that this as-
sumption may be somewhat problematic for critical winds
(Γ ∼ 1), which are slow and may have outflow speeds which
are comparable to the assumed sound speed at the inner
boundary.
Dust growth takes place by vapour deposition on the
surface of some pre-formed seed nuclei, assumed to be nano–
meter sized spheres. The precise chemical nature of these
seed grains is not important in what follows. We consider
various types of dust, depending on the surface chemical
composition of the star. In oxygen–rich winds, we consider
olivine, pyroxene, quartz and iron grains, whereas for C–rich
environments we account for the presence of solid carbon,
silicon carbide and iron grains. For each condensate, we de-
fine a key element whose abundance is the minimum among
all the elements necessary to form the corresponding dust
aggregate. Silicon is the key element for olivine, pyroxene,
quartz and silicon carbide, whereas iron and carbon are the
key elements for iron dust and solid carbon. All the species
considered, with the corresponding condensation reactions
and key–elements, are listed in Table 1.
The growth rate of each dust species depends on the
competition between the formation and destruction rates.
The former is evaluated on the basis of the number density
of the key–element and the thermal velocity of the corre-
sponding molecule, whereas the latter is calculated via the
difference between the formation enthalpy of the dust species
and of the individual molecules concurring to the formation
process. All the references concerning the thermodynamic
quantities considered can be found in paper I.
The regions close to the central star are generally too
hot to allow for dust condensation, the destruction rate ex-
ceeding by far the production rate. At a distance of 3-4 stel-
lar radii from the surface of the star, the temperature drops
below 1000 K, and dust formation occurs. The consequent
increase in the opacity accelerates the wind via the strong
radiation pressure, and halts dust formation. We therefore
expect the sizes of the different grain species and the termi-
nal velocity of the wind to reach an asymptotic behaviour.
Because the assumed initial dimension of the grains, a0,
is much smaller than the size reached by the various grains
in the asymptotic regime, the results are practically inde-
pendent of the choice for a0: simulations based on different
values for a0 (still in the nano-sized regime) lead to the same
result.
A further initial condition, imposed by the lack of a
nucleation theory to be applied for any of the dust species
considered, is the initial density of seed grains, nd. In agree-
ment with paper I, we assume nd = 3 × 10−13nH (note
that in Section 2.2.2 of paper I, due to a typo, it is given
Figure 1. Variation during the Thermal pulses phase of the tem-
perature at the bottom of the external convective zone as a func-
tion of the total stellar mass of models with initial mass 7 M
(red), 6 M (black), 5 M (green), 4 M (blue), 3 M (ma-
genta), 2 M (cyan). Note that models experiencing HBB keep
the same temperature for the vast majority of the time during
which they undergo the strongest mass loss.
nd = 3 × 10−4nH instead), which, as order of magnitude,
reflects the typical number densities of grains in the out-
flows of AGBs (Knapp 1985). A higher nd, for a given size
of the grains, corresponds to a higher degree of condensation
of the key–species into dust, and consequently to a smaller
density of the various molecules in the wind (see Ferrarotti
& Gail (2006), Eq.20–30). This is not relevant as far as the
degree of condensation is small, and has the largest impact
in those cases where dust condensation is most efficient: i.e.
the SAGB models presented here, which we will see is the
most efficient producers of dust. A change in nd by a factor
2 determines a variation in the grain size of the order of
∼ 10%.
To summarize, the amount of dust produced and its
composition are mainly determined by the following quan-
tities:
(i) The physical parameters of the central star and, in
particular, the luminosity, effective temperature and the
mass loss rate; these determine the radial variation of the
thermodynamics of the wind.
(ii) The surface chemistry of the star, that is relevant in
the determination of the dominant dust species (either sil-
icates or carbon dust, according to the C/O ratio), and in
the quantity of dust formed (via the mass fractions of the
key–elements).
(iii) The description of the absorption and scattering pro-
cesses for the various elements, that determine the extinction
coefficient.
c© 2012 RAS, MNRAS 000, 1–??
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Table 1. Dust species considered in the present analysis, their formation reaction and the corresponding key–elements (see text).
Grain Species Formation Reaction Key–element
Olivine 2xMg +2(1-x)Fe+SiO+3H2O → Mg2xFe2(1−x)SiO4 + 3H2 Si
Pyroxene xMg +(1-x)Fe+SiO+2H2O → MgxFe(1−x)SiO3 + 2H2 Si
Quartz SiO + H2O → SiO2(s) +H2 Si
Silicon Carbide 2Si + C2H2 → 2 SiC + H2 Si
Carbon C → C(s) C
Iron Fe → Fe(s) Fe
3 THE EVOLUTIONARY PROPERTIES OF
AGB AND SAGB MODELS WITH Z = 0.008
The main physical features of the evolution of AGB stars are
discussed in the reviews by Karakas (2011), Herwig (2005);
further details on the efficiency of the TDU and the achieve-
ment of the C–star stage can be found in Stancliffe et al.
(2004), Stancliffe et al. (2005), Karakas et al. (2010) (and
references therein). An exhaustive description of the SAGB
phase can be found in the classic paper by Garcia-Berro et
al. (1997), and the more recent investigations by Gil–Pons
et al. (2007), Siess (2007, 2010).
Here we provide a brief description of the main features
of the evolution of the AGB and SAGB stars with initial
metallicity Z = 0.008, that prove essential in the under-
standing of the dust formation process.
The threshold mass separating the AGB and SAGB
regimes is 6.5M. Less massive models evolve on a CO core,
whereas higher masses undergo off–center carbon ignition,
and eventually develop a degenerate core, made up of oxygen
and neon. This finding is partly dependent on the amount of
overshoot from the convective core: when the extra–mixing
is neglected, the above limit shifts upwards by ∼ 1M.
Ventura & D’Antona (2005) outlined the key role played
by the treatment of the convection in the extent of HBB, i.e.
the nuclear activity that develops at the bottom of the con-
vective envelope once the temperature exceeds 30− 40 MK.
The FST modelling of convection, used in the present work,
leads easily to HBB conditions for models whose initial mass
exceeds a threshold value (D’Antona & Mazzitelli 1996; Ven-
tura & D’Antona 2005) that depends on the metallicity of
the star and on the assumptions concerning the overshoot
from the border of the convective core during the two ma-
jor phases of hydrogen and helium burning. The relevance
of HBB in this context is twofold: a) even in moderate
HBB conditions carbon is destroyed in the envelope of the
star, thus leaving the only possibility for the formation of
silicate–type dust; b) HBB is accompanied by an increase
in the luminosity of the star, which, given the steep depen-
dence on luminosity of the Blo¨cker’s mass loss description
(M˙ ∝ M3.7), favours a higher rate of mass loss; the rela-
tionship between M˙ and density of the gas in the wind (see
Eq.4), will make dust formation seem more efficient1.
The variation during the AGB (or SAGB) phase of the
1 Note that this result is a consequence of the scheme we follow,
i.e. adopting an empirically determined mass loss treatment, and
finding out the dust formed accordingly. As stated in Sect.2, the
correct treatment would be to determine the mass loss rate on
the basis of the dust formed
temperature at the bottom of the convective envelope of
models differing in their initial mass is shown in Fig. 1. The
choice of the mass of the star as abscissa allows to iden-
tify the physical conditions at the time when most of the
mass loss occurs. We can clearly identify a threshold mass
of 3.5 M separating the more massive objects, experiencing
HBB, from their lower mass counterparts, whose tempera-
ture at the bottom of the convective envelope remains be-
low 40 MK. Interestingly, we note that models experiencing
HBB maintain an approximately constant temperature dur-
ing most of the time when they loose their mass: this allows
us to understand the nucleosynthesis experienced, and the
corresponding variation of the surface chemistry.
To understand the effects of the initial metallicity of the
stars on the HBB phenomenology, in the left panel of Fig. 2
we show, for each star, the temperature at the bottom of the
surface convective zone and the peak luminosity during the
AGB evolution, which, in turn, is related to the core mass of
the star. Models discussed in the present work are indicated
as open squares, whereas the Z = 0.001 models analyzed in
paper I are represented by full triangles.
Lower Z models evolve, for a given core mass (luminos-
ity) at higher temperatures, thus allowing a stronger nucle-
osynthesis at the bottom of the convective envelope. This
difference is confirmed in the right panel of Fig. 2, show-
ing the evolution of the surface oxygen with mass for mod-
els of different initial mass and metallicity Z = 0.008 and
Z = 0.001. To illustrate the extent of oxygen depletion, we
report in the ordinate the ratio of the surface oxygen mass
fraction to its initial value. All the Z = 0.008 models experi-
encing HBB (M > 3.5M) achieve only a modest depletion
of the surface oxygen, in comparison to their lower Z coun-
terparts which, in some cases, reduce the oxygen in their en-
velope by a factor ∼ 10. For both metallicities, the strongest
depletion is reached for masses still in the AGB regime; in
SAGBs mass loss rates and oxygen depletion proceed with
comparable timescales: these stars loose a high percentage
of their mass before a strong depletion of the surface oxygen
is achieved (Ventura & D’Antona 2011).
In models with M6 3M, not experiencing any HBB,
we expect only a poor, if any, production of silicates, because
the mass loss rates are extremely small, thus preventing the
possibility that a radiation pressure driven wind develops.
The possibility for these stars to form dust is related
to the TDU. A highly efficient TDU drives the bottom of
the envelope to regions previously enriched by 3α nucleosyn-
thesis; the consequent increase in the carbon content in the
envelope eventually leads to the C–star stage: this would
c© 2012 RAS, MNRAS 000, 1–??
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Figure 2. Left panel: the average temperature at the bottom of the convective envelope as a function of the peak luminosity reached
during the Thermal Pulses phase in AGB and SAGB models of metallicity Z = 0.008 studied in the present investigation (open squares)
and those presented in Ventura & D’Antona (2009, 2011) (red,full triangles). Right panel: surface oxygen mass fraction (divided by the
initial abundance) as a function of the stellar mass for the models with Z = 0.001 discussed in paper I (solid, black), and the models
presented here (dashed, red).
Figure 3. Left: The variation of the C/O ratio in Z = 0.008 models not experiencing HBB, with initial masses 2,2.5, and 3M. Lower
mass models are not shown, since they do not experience any TDU in any case. The solid lines (black) indicate the results obtained
when the borders of the convective region developed during each Thermal Pulse is fixed via the Schwarzschild criterium; dotted (red)
lines indicate the evolution when a small extra-mixing is assumed (see text for details). Dashed, blue lines indicate the variation of the
C/O ratio when extra–mixing is adopted, and mass loss during the C–star stage is modeled with the treatment by Wachter et al. (2008).
Right: The variation of thi size of carbon grains in the same models presented in the left panel.
c© 2012 RAS, MNRAS 000, 1–??
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Figure 4. Left panel: variation of the size of different grain species formed during the AGB evolution of a model with initial mass 6M:
olivine (dashed, black), pyroxene (dotted, red), quartz (solid, green), and iron (dot–dashed, blue). Right panel: the fraction of silicon
condensed into silicates (solid, black), and the fraction of iron condensed into iron grains (dot–dashed, blue) for the same 6M stellar
model.
eliminate the oxygen needed to form silicates, and favour
the formation of carbon dust2.
The issue of forming carbon stars is a long-standing
problem for stellar evolution theories. On the observational
side, the investigations by Groenewegen & de Jong (1993),
Marigo et al. (1999), Izzard et al. (2004), indicated the core
mass at which TDU must begin, and the efficiency of the
inwards penetration of the convective mantle required to re-
produce the luminosity function of carbon stars in the Mag-
ellanic Clouds. Most of the evolution codes fail to achieve
this result, because the TDU begins late during the AGB
evolution, with an efficiency smaller than required by the
observations (Mowlavi 1999; Herwig 2000). Due to the ex-
treme sensitivity of the results to the details of the numerical
treatment of the convective borders (e.g. the modality with
which the convective/radiative interface is determined, the
spatial zoning near the convective boundaries), the results
obtained by various research groups are substantially differ-
ent (Straniero et al. 1997). An important step forward was
made by Stancliffe et al. (2005), that using a fully implicit
and simultaneous solution of the equations of stellar struc-
ture, nuclear burning, and diffusive mixing, could reproduce
the luminosity function of carbon stars in the LMC, with no
need of any free parameter.
The models produced by our code, where the bound-
aries of convective regions is determined via a straight appli-
cation of the Schwartzschild criterium (i.e. ζ = 0), share the
difficulty of obtaining a TDU with the required efficiency. As
2 When C/O> 1, all the oxygen available is locked into CO
molecules, which are highly stable, due to their large dissocia-
tion energy.
can be seen in the left panel of Fig.3 (solid lines), that shows
the evolution of the surface C/O ratio, the C-star stage is
reached only by models with initial mass M=2.5,3M, in a
late phase of the AGB evolution. On the other hand, to con-
firm the importance of the treatment of convective bound-
aries, we have shown that even a modest extra-mixing from
the convective shell formed during the TP leads to very dif-
ferent results: the results indicated with dotted tracks in
Fig.3 were obtained with ζ = 0.001, much smaller than the
values invoked to describe overshoot from the borders of
the convective cores during the main sequence phase (i.e.
ζ = 0.02). The impact of the assumed extra–mixing can
be understood by the comparison with the solid lines. The
choice ζ = 0.001 favours the achievement of the C–star stage
for the stars with initial mass between 2M and 3M, re-
ported in Fig. 3. We note that even a tiny overshoot from
the shell developed during each TP is sufficient to induce
a deep TDU, which leads to a C/O ratio exceeding unity
(the essential condition to produce solid carbon and silicon
carbide) after a few TPs, when only a ∼ 5−10% of the stel-
lar mass is lost. With the present choice concerning ζ, we
find that stars with mass below 1.5M never become carbon
stars.
A detailed tuning of the amount of extra-mixing needed
to account for the observations is beyond the scope of the
present investigations; we limit here to stress the sensitivity
of the results to this choice, and we will describe how the
dust formation process also depends on ζ.
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4 DUST PRODUCTION
The results discussed in the previous section indicate that
one of the main findings of paper I holds also at higher
metallicites: stars whose initial mass is above the threshold
value to allow HBB conditions produce silicates, whereas
lower mass objects produce carbon–rich dust.
We show in the left panels of Fig. 4 the size of the dust
grains formed around a typical model experiencing HBB,
with an initial mass M = 6M. Olivine is the dust species
most easily formed, followed by pyroxene, and by small
quantities of quartz and iron. The spread between the size of
the olivine grains and of the other elements gets larger as the
star evolves on the AGB. This is because the increase in the
mass loss rate is associated with a more efficient production
of olivine; this, in turn, determines a faster acceleration of
the wind, that prevents the formation of the other species.
Note the periodic drop in the size of the olivine grains, when
TPs occur, and the star looses mass more slowly.
In the right panel of Fig. 4 we show, for the same 6M
stellar model, the fractions of silicon and iron condensed into
dust. In the present set of Z = 0.008 models the production
of silicates continues for the whole AGB evolution; this is
different compared to paper I, where it is shown that in mas-
sive AGBs silicates production stops (see paper I, left panel
of Fig. 3). This difference can be understood from the right
panel of Fig. 2, showing that surface oxygen destruction is
much softer in the present models than at lower Z. Unlike
the Z = 0.001 stars, here we never enter the situation in
which water, one of the key ingredients to form the silicates
(see Table 2.2), is consumed, and therefore the production
of the silicates never stops.
Since olivine is the most abundant species, we may un-
derstand the trend with stellar mass of the amount of sili-
cates formed by comparing the size of the olivine grains in
the surroundings of AGB stars of different initial mass. This
is shown in Fig. 5.
Higher mass models evolve at large luminosities. Given
the steep slope of the M˙(L) relationship provided by the
Blo¨cker’s description, mass loss will proceed faster. Because
we keep the velocity constant until the point where dust for-
mation becomes possible (i.e. where for at least one of the
species considered the production term exceeds destruction),
we find via Eq.4 a larger gas density there. This favours
dust formation by increasing the number density of all the
molecules entering the various sublimation reactions. More
massive models are therefore expected to produce grains
with larger size, as confirmed by the trend shown in Fig. 5.
The fraction fsil of silicon condensed into dust ranges from
35% at M=3.5Mup to 50% in the SAGB regime. Because
a great production of silicates affects iron condensation, the
trend with mass of the fraction of iron condensed is opposite:
fir varies from 10% at low M, down to ∼ 2% for SAGBs.
The grain sizes obtained here for olivine (see figures
4 and 5) are marginally consistent with the grain sizes re-
quired to drive a wind according to Ho¨fner (2008), but we
note also that the grain sizes obtained at lower metallic-
ity (paper I) are significantly smaller, which indicate some
tension between our results and the grain-size requirement
derived by Ho¨fner (2008). The predictions by Ho¨fner (2008)
have very recently been confirmed observationally by Norris
et al. (2012), which also seems to rule out any significant
Figure 5. Variation during the AGB (or SAGB) evolution of the
size of olivine grains formed around stars with different initial
mass that experience HBB. The color code is the same of Fig. 1.
production of iron–rich silicates. However, the latter may in
part explain the discrepancy with our results, since iron–
free silicates have clearly different optical properties (lower
opacity) that may favour growth to large sizes as they are
not heated by radiation as much as iron–rich silicates.
The larger depletion of surface oxygen in more massive
stars has a negligible role here, because the abundance of the
key element for silicates, i.e. silicon, remains almost constant
in all cases3.
Stellar models not experiencing HBB achieve only a
modest production of silicates, because the density of the
key–species declines very rapidly away from the surface of
the star. This can be seen in Fig. 5, where we note the small
olivine grain sizes formed by the 3 M model. The possibil-
ity that carbon–type dust is produced depends on the extent
of the extra–mixing from the convective shell driven by the
thermal pulse. We see from Fig. 3 that when overshooting
is not considered, it is only in the 3 M model that the
condition to produce carbon dust, i.e. C/O> 1, is met. The
situation changes in the presence of even a modest amount
of extra–mixing (i.e. ζ = 0.001). In such case, TDU becomes
much more efficient and penetrating, and the stars not ex-
periencing HBB reach the C–star stage, producing carbon–
type dust. The fraction of carbon condensed into dust, of
the order of fC ∼ 0.1, is smaller than predicted by more
detailed models of dust–driven mass loss (see e.g. Mattsson
3 The possibility that surface silicon increases in the AGB models
experiencing the strongest HBB is discussed in Ventura, Carini &
D’Antona (2011), who however find a modest (if any) increase in
the silicon mass fraction, that would have only a negligible impact
on the results presented here.
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Figure 6. The variation of the size of solid carbon (left) and SiC (right) grains formed during the evolution of a model of initial mass
2.5M. The three lines indicate the results corresponding to various assumptions for the extra–mixing from the borders of the convective
shell that develops following each TP.
& Ho¨fner (2011)). This is partly due to the small extent of
the extra–mixing assumed during the TDU, that prevents
great enhancements of the surface carbon.
5 HOW ROBUST ARE THE PRESENT
RESULTS?
The results found in terms of the type, total mass, and grain
size distribution of the dust particles formed around AGBs
depend on many assumptions made to calculate the evolu-
tionary sequences, associated with the details of the AGB
modelling and the description of the dust formation process.
5.1 The physical inputs for the AGB description
In paper I (section 5) we explored how the results obtained
depend on the assumptions in the macro–physics adopted
to describe the AGB evolution, i.e the treatment of convec-
tion (both the efficiency of the convective transport and the
treatment of convective borders) and the mass loss prescrip-
tion.
The convection model is still the main source of un-
certainty in the more massive models, because it determines
the extent of the HBB experienced, and thus the surface evo-
lution of two key–elements for the dust formation process,
i.e. carbon and oxygen. Use of a lower convection efficiency
would increase the threshold mass separating the stars pre-
dicted to form silicates from those producing carbon grains.
For the models not undergoing HBB, the treatment of
the convective borders is the key–issue in determining how
much dust is formed in their surroundings. In the present
work, the possible overshoot of the convective eddies into
the regions radiatively stable is described by the parameter
ζ (see Sect. 2.1). The two panels of Fig. 6 show the effects
of changing ζ on the size of the solid carbon (left panel)
and SiC (right) grains. The results refer to a 2.5M model,
in the range of masses experiencing TDU. We see that an
increase in ζ by a factor 2 leads to formation of carbon
grains that are 10–20% bigger. In terms of the amount of
dust formed, for the three models discussed we find masses
of solid carbon (the main dust component in the present
case) of 2.8 × 10−4M, 6.4 × 10−4M, 9 × 10−4M, for
ζ = 5 × 10−4, 10−3, 2 × 10−3, respectively. These results
suggest that the extension of the convective shell formed at
each TP has a critical impact on the amount of carbon–dust
formed in AGBs experiencing TDU, and is the main source
of uncertainty for the predictive power of this work.
Mass loss was also shown to be a source of uncertainty
in paper I, because use of a prescription with a milder depen-
dence on the luminosity than the Blo¨cker’s recipe (e.g. the
formulation by Vassiliadis & Wood (1993)) would lead to a
lower production of silicates: this would greatly affect the re-
sultant dust yields found, because the stars would loose only
a tiny fraction of their envelope by the time that the surface
oxygen is consumed, so that most of the mass lost would be
oxygen–poor, which prevents the formation of silicates. We
note that this effect would be of smaller importance here,
because the extent of HBB is softer, such that the oxygen is
not severely depleted (see the right panel of Fig.2).
To investigate also how the treatment of mass loss in-
fluences the production of carbon–rich dust in models of
smaller mass, we calculated models that reach the C–star
stage (initial masses 2, 2.5, 3M) with the mass loss formu-
lation by Wachter et al. (2008). This treatment is particu-
larly suitable for our purposes, because it is based on the
same metallicity as the models presented here (Z=0.008),
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Figure 7. The total mass of silicates produced by AGB and
SAGB models experiencing HBB. The various symbols indicate
the results obtained with different sets of optical properties: open
(red) circles Jones & Merrill (1976); full (blue) triangles Os-
senkopf et al. (1992); open (green) squares Draine & Lee (1984);
full (black) dots Dorschner et al. (1995) (olivine), Brewster (1992)
(quartz), and Jager et al. (1994) (pyroxene).
and is aimed at determining the rate of mass loss for AGB
stars already in the C–star phase.
The treatment by Wachter et al. (2008) predicts that
during the C–star phase mass is lost faster in comparison to
the Blo¨cker prescription, because of the large negative expo-
nent of the effective temperature in the Wachter et al. (2008)
formulation (see their Eq.1). The star experiences a smaller
number of thermal pulses, which prevents the achievement of
large C/O ratios. This can be clearly seen in the left panel of
Fig. 3, where evolutions calculated by means of the Wachter
et al. (2008) formula are shown with dashed lines, to be com-
pared with the dotted tracks. We note in the right panel that
the amount of solid carbon formed is similar in the two cases,
because the effects of the larger abundance of surface carbon
achieved by the Blo¨cker’s models are partly compensated by
the smaller mass loss rate experienced, which, in agreement
with our scheme, leads to a smaller production of dust.
5.2 The optical properties of silicates
The quantity Γ, defined in Eq. 3, represents the coupling
between matter and radiation field. The increase in Γ when
dust begins to form leads to an increase in the radiation
pressure, with the consequent acceleration of the wind, that
halts the dust formation process.
The interaction between the radiation and the dust
grains is expressed by the coefficient k, which, in turn, de-
pends on the optical properties of the type of dust formed.
For silicate grains, the uncertainty associated to the refrac-
tive index is still large and it is important to estimate how
this affects the predicted mass of dust formed by AGB and
SAGB stars. We therefore repeat our analysis adopting dif-
ferent sets of silicates refractive index currently available in
the literature, such as the optical properties of the astro-
nomical silicates by Draine & Lee (1984), the empirically
determined efficiencies by Jones & Merrill (1976), the opti-
cal constants by Ossenkopf et al. (1992), and the invidual
properties for each of the three silicates considered here, i.e.
olivine (Dorschner et al. 1995), pyroxene (Jager et al. 1994),
and quartz (Brewster 1992). A detailed analysis of the differ-
ences among these data can be found in Jeong et al. (2003)
(see their Figs. 2 and 3). Here we simply compare the re-
sults that we obtain for the total mass of silicates produced,
restricting the comparison to stars with mass M > 3.5 M
that experience HBB.
The results are shown in Fig. 7. The largest mass of
silicates is predicted to form when the data from Dorschner
et al. (1995) are used, whereas the description by Jones &
Merrill (1976) provides the lowest silicates production. We
note that, independently of the initial mass of the star, the
difference is within ∼ 0.4 dex; we assume this to be the
degree of uncertainty due the choice of the refractive index.
6 DISCUSSION
The predicted mass of dust produced by AGB and SAGB
stars with Z = 0.008 is reported in Table 2, where we also
specify the mass of the individual dust species. For the sil-
icates we used the set of optical constants by Ossenkopf et
al. (1992). In Fig. 8, we show separately the predicted mass
of silicates (left panel) and carbon–rich dust (right panel)
for each stellar mass. Filled circles indicate the mass of dust
produced by the models presented in this work, while open
squares represent the Z = 0.001 models discussed in paper
I. For comparison, we also show the dust mass predicted by
Ferrarotti & Gail (2006) for the same two metallicities (open
triangles Z = 0.001; filled triangles Z = 0.008).
The large production of silicates in higher–mass models,
found in paper I for Z = 0.001, is confirmed at Z = 0.008.
The two lines in the left panel of Fig. 8, corresponding to
the two metallicities, follow similar trends, and show a drop
for masses M < 3.5 M that do not experience any HBB.
The discontinuity at 3.5 M would be smaller without over-
shoot from the shell (see the open points). Z=0.008 models
produce a mass of silicate–type dust a factor ∼ 10 larger
compared to the Z = 0.001 case. This reflects the difference
in metallicity, that results in a higher density of silicon in the
wind. The trend of dust formed with stellar mass is mono-
tonic here, as opposed to the Z = 0.001 models (note the
local minimum for Z=0.001 at M=5M), because the HBB
is softer. Thus we never reach a situation where shortage of
water molecules inhibits silicates formation.
Comparing the mass of silicates predicted by our mod-
els with the results by Ferrarotti & Gail (2006) at the same
stellar metallicity, we note that the difference is smaller at
Z = 0.008 than at Z = 0.001. In fact, the higher metallicity
prevents (or delays) the achievement of the C–star stage,
so that in the more massive stars silicates are produced in-
dependently of the physical input used to model the AGB
c© 2012 RAS, MNRAS 000, 1–??
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Figure 8. Total mass of silicates (left panel) and carbon dust (right panel) produced by the stellar models presented in this paper
(blue filled dots) and by the Z = 0.001 models published in paper I (black open squares). For comparison, we also show the results by
Ferrarotti & Gail (2006) at metallicites Z = 0.001 (magenta open triangles) and Z = 0.008 (green filled triangles). The two open points
in the left panel show what would be the mass of silicates produced by the two lowest mass models with Z = 0.008 if the overshoot from
the convective shell were to be neglected (see the text).
evolution. Still, comparing the filled circles and the filled
triangles, we note that the mass of silicates predicted by
our models is larger because (i) the HBB experienced is
stronger and (ii) the production of silicates in the models
by Ferrarotti & Gail (2006) is limited to the first part of
the evolution, before the star enters the C–star stage. The
results by Ferrarotti & Gail (2006) do not show the same
proportionality of the mass of silicates formed with metal-
licity.
The right panel of Fig. 8 shows that for the models
presented in this paper we do not find any carbon–type dust
for M > 3.5 M, because the HBB destroys the surface
carbon. This is at odds with the results by Ferrarotti &
Gail (2006), where some carbon–type dust is produced at all
stellar masses. For carbon–type dust, the mass predicted by
our models show a negligible dependence on the initial stellar
metallicity. In fact, dust production is mainly sensitive to
the amount of carbon formed in the 3α burning shell and
dredged–up to the surface; such nucleosynthesis is scarcely
dependent on the initial metal content of the star, unlike
the CNO burning at the bottom of the envelope, which is
sensitive to the initial abundances of silicon, magnesium and
oxygen.
The models by Ferrarotti & Gail (2006) predict a larger
mass of carbon–type dust for low–mass stars, because of the
different assumptions concerning the extent of the TDU.
Part of the difference is also due to the low–T surface opac-
ities used by the synthetic models upon which the AGB
evolution by Ferrarotti & Gail (2006) is computed: they are
based on a solar-scaled mixture, where any variation in the
C/O ratio is neglected. As shown by Marigo (2002), when
C/O exceeds unity, CN and C2 molecules replace water as
the main absorbers of radiation, which, in turn, leads to an
increase in the opacity for regions with temperatures below
3000K. Because a higher opacity favours cooling and expan-
sion of the external layers, this will reflect into an increase
in the rate at which mass loss occurs. In our models we
therefore expect that less carbon is formed, because the star
looses its envelope more rapidly.
Fig. 9 shows the total mass of dust produced by stars
with different initial mass and metallicity. Compared to Fer-
rarotti & Gail (2006), our models show an opposite trend
with stellar mass, which is both qualitative and quantita-
tive: more massive models produce more dust, under the
form of silicate–type grains, whereas in the Ferrarotti & Gail
(2006) case most of the dust is produced by low–mass stars,
and as carbon dust. In addition, our models appear to be ex-
tremely sensitive to the initial stellar metallicity, with higher
Z models producing more dust. On the contrary, the mass
of dust predicted by Ferrarotti & Gail (2006) is relatively
constant with Z, because the surface–carbon abundance in
those models is mostly dependent on the nucleosynthesis in
the shell that forms during the thermal pulse.
6.1 Implications for the cosmic dust yields
Following the analysis done in paper I, we can investigate
the implications of the above findings for the cosmic dust
enrichment contributed by intermediate mass stars. To do
this, we assume that all the stars form in a single burst at
a reference initial time with metallicity Z = 0.008 and ac-
cording to a Larson initial mass function (IMF) with stellar
mass in the range [0.1−100] M and a characteristic stellar
mass of mch = 0.35M (see equations 20 and 21 in paper I
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Table 2. Dust mass produced by AGB and SAGB models of metallicity Z = 0.008. The initial stellar mass M is reported in the first
column. The total mass of dust, Md and the mass of olivine (Mol), pyroxene (Mpy), quartz (Mqu), solid iron (Mir), solid carbon (MC)
and silicon carbide (MSiC) are also shown. All the masses are expressed in solar units. The optical constants from Ossenkopf et al. (1992)
were used for the silicates. The three sets of models differ in the mass loss treatment (we used the recipes from Blo¨cker (1995) and
Wachter et al. (2008)) and the treatment of the convective borders (expressed by the parameter ζ).
M Md Mol Mpy Mqu Mir MC MSiC
Blo¨cker – ζ = 0.001
1.5 1.15D-05 4.97D-07 1.89D-07 6.97D-08 1.06D-05 1.23D-07 3.85D-08
2.0 1.46D-04 1.01D-12 6.72D-13 3.22D-13 1.85D-05 1.28D-04 0.00D+00
2.5 8.30D-04 5.46D-07 2.06D-07 8.95D-08 1.89D-06 6.42D-04 1.86D-04
3.0 1.14D-03 7.54D-07 3.95D-07 1.67D-07 2.60D-06 9.06D-04 2.33D-04
3.5 1.41D-03 1.03D-03 3.22D-04 4.94D-05 7.77D-05 0.00D+00 0.00D+00
4.0 1.92D-03 1.44D-03 4.19D-04 4.52D-05 6.62D-05 0.00D+00 0.00D+00
4.5 2.41D-03 1.87D-03 5.00D-04 3.86D-05 5.43D-05 0.00D+00 0.00D+00
5.0 2.80D-03 2.20D-03 5.53D-04 3.69D-05 4.57D-05 0.00D+00 0.00D+00
5.5 3.12D-03 2.50D-03 5.88D-04 3.64D-05 4.21D-05 0.00D+00 0.00D+00
6.0 4.11D-03 3.47D-03 6.16D-04 1.95D-05 2.24D-05 0.00D+00 0.00D+00
6.5 4.69D-03 4.07D-03 5.93D-04 2.36D-05 2.52D-05 0.00D+00 0.00D+00
7.0 6.07D-03 5.49D-03 5.68D-04 1.26D-05 2.10D-05 0.00D+00 0.00D+00
7.5 6.41D-03 5.82D-03 5.76D-04 1.36D-05 2.35D-05 0.00D+00 0.00D+00
8.0 6.92D-03 6.11D-03 6.40D-04 1.70D-05 2.64D-05 0.00D+00 0.00D+00
Blo¨cker – ζ = 0
2.0 2.40D-04 1.99D-14 1.23D-14 4.95D-15 2.40D-04 0.00D-00 0.00D+00
2.5 8.00D-04 4.30D-04 1.49D-04 4.52D-05 1.75D-04 0.00D-00 0.00D-00
3.0 6.43D-04 2.90D-05 1.15D-05 5.11D-06 4.72D-05 2.89D-04 2.61D-04
Watcher (2008) – ζ = 0.001
2.0 1.88D-04 2.20D-12 1.01D-12 4.81D-13 4.77D-05 1.40D-04 0.00D+00
2.5 8.74D-04 7.90D-07 2.06D-07 8.95D-08 1.89D-06 6.73D-04 1.98D-04
3.0 1.03D-03 1.09D-06 3.95D-07 1.67D-07 2.60D-06 7.93D-04 2.31D-04
and Valiante et al. 2009). The cosmic dust yield of stars with
masses M 6 8M, i.e. the total dust mass injected into the
interstellar medium by AGB and SAGB stars normalized to
the total mass of stars formed in the burst, evolves on stel-
lar evolutionary timescales (see Fig. 10, right panel). The
dotted and dashed lines indicate the separate contributions
of carbon and silicate dust. For comparison, we show in the
left panel the same quantities obtained for Z = 0.001 stars4.
At the end of their evolution, intermediate mass stars
with higher metallicity produce a cosmic dust yield that is
a factor ∼ 4.4 larger than that associated with their lower
metallicity counterparts. In addition, when Z = 0.008 stars
are considered, the dust mass is dominated by silicates at all
times. The small carbon dust yields produced by stars with
masses 6 3M is not compensated by the higher frequency
of low-mass stars obtained with the adopted stellar IMF.
Conversely, the large silicate dust yields produced by more
massive stars leads to a prompt enrichment on timescales
> 40 Myr and, at ∼ 100 Myr after the burst, the mass of
silicate dust produced by Z = 0.008 stars is more than a
factor 10 larger than that released by Z = 0.001 stars.
Our findings may have important implications for chem-
ical evolution models with dust. In particular, it was sug-
4 The values reported are the same as those shown in Fig. 13
of paper I, where the small extra contribution of silicate dust
production at late evolutionary timescales (that is not apparent
in Fig.10) is due to a numerical error.
gested that polycyclic aromatic hydrocarbons (PAHs) and
carbon dust are mostly produced in AGB stars (Dwek 1998).
This has offered an explanation for the observed correlation
of PAH line intensities with metallicity in nearby galaxies
(Madden et al. 2006). The correlation has been interpreted
as a trend of PAH abundance with galactic age, reflecting
the delayed injection of PAHs and carbon dust into the ISM
by AGB stars in their nal, post-AGB phase of their evo-
lution (Galliano et al. 2008). Our results seem to suggest
that the contribution AGB and SAGB to carbon dust en-
richment may be significantly less important than previously
estimated. The observed correlation may be best attributed
to the destruction of PAH molecules by photoevaporation or
photodissociation, that are more efficient in low-metallicity
environments. A detailed comparison between the yields pre-
dicted by the present models and those predicted for massive
stars that explode as supernovae (Bianchi & Schneider 2007)
is deferred to a future study.
7 CONCLUSIONS
We have calculated the dust formation around intermediate
mass stars of metallicity Z=0.008 in the mass range 1M 6
M 6 8M during their whole AGB (or SAGB) phase.
We confirm the main finding of a previous exploration
based on a smaller metallicity, i.e. that more massive ob-
jects, experiencing HBB, achieve a rich production of sili-
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Figure 9. The total mass of dust produced by stars with differ-
ent initial masses and metallicities. The meaning of the various
symbols is the same as in Fig. 8.
cates, favoured by the strong mass loss experienced. Lower–
mass stars, on the other hand, after an early phase with
a minor production of silicates, will be surrounded by car-
bon grains, once the surface C/O ratio exceeds unity, as a
consequence of repeated TDU episodes.
The amount of silicates produced depends on the metal-
licity of the stars: compared to the Z=0.001 models analyzed
in our previous paper, we expect a much larger dust produc-
tion here, due both to the larger silicon mass fraction, and
to the softer HBB experienced, that prevents total destruc-
tion of the water molecules present in the wind, required to
produce any kind of silicate.
The major sources of uncertainty in the amount of sil-
icates produced are the treatment of convection, with the
relative strength of HBB, and the poor knowledge of the
optical constants of the various silicates formed, which re-
flect into an uncertainty of ∼ 0.4dex. On the other hand,
under the C–star regime, the most important source of un-
certainty in the quantity of carbon dust formed is the extent
of the TDU, which is poorly known from first principles: a
tiny amount of extra–mixing from the borders of the convec-
tive shell developed during the TPs favours a much larger
inwards penetration of the convective envelope, and leads to
much stronger TDUs; the quantity of dust produced changes
dramatically, which confirms the poor robustness of the re-
sults obtained in this range of masses.
We also like to point out that the assumed mass-loss
rate is (in the present framework) important for the resul-
tant degree of dust condensation as well as the time scale
on which the stellar envelope is lost from the star. That, in
turn, may affect the dust yield we obtain.
Based on these results, we find that the cosmic dust
Figure 10. The total mass of dust produced by AGB and SAGB
stars normalized to the total mass of stars formed in a single burst
at time = 0 with a Larson IMF ranging between 1 and 100M and
initial metallicity of Z = 0.001 (left panel) and of Z = 0.008 (right
panel). The solid lines indicate the total mass of dust, the dotted
and dashed lines show the separate contributions of carbon and
silicate dust. The stellar evolutionary timescales are computed
from the ATON stellar evolutionary model.
yield at this metallicity is higher by a factor ∼ 5 compared
to the Z=0.001 case discussed in our previous work, and is
dominated by silicates at all times. Silicates dominate the
cosmic dust yield because of the observed monotonic trend
with stellar mass of the total dust mass produced by AGB
and SAGB stars. In this scenario, the AGB/SAGB dust pro-
duction (in which silicates are the favored species produced)
dominates over presence of carbon dust grains, the favoured
type of dust to be produced by lower-mass stars. This is true
even with the larger number of lower-mass stars expected
according to any realistic IMF.
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